Abstract. Bortezomib and other proteasome inhibitors have demonstrated an interesting antitumor activity against glioma cell lines. The present study aimed to evaluate the cytotoxic potential of bortezomib in vivo on two human malignant glioma xenografts using doses relevant to clinical practice. The TCG3 and U87 malignant glioma xenografts were heterotopically implanted onto nude mice. Bortezomib effects were evaluated using the three different doses of 0.25, 0.45 and 0.90 mg/kg. Proteasome chymotrypsin-like activity was measured by a fluorimetric method. Analysis of the cell cycle distribution was performed after propidium iodide staining. The apoptotic rate and proliferative index were determined by an immunohistochemical detection of cleaved caspase-3 and Ki-67, respectively. Our data showed that bortezomib induced a dose-dependent inhibition of proteasome chymotrypsin-like activity in the two glioma models. Maximal inhibition was achieved 24 h after drug injection and was 30% of basal proteasome activity. However, this effect did not induce any increase in the apoptotic rate and did not modify cell cycle distribution. At the maximal dose tested (0.90 mg/kg), bortezomib did not show any growth delay as compared to untreated tumors, in either of the xenograft models. In conclusion, our study is the first to demonstrate that bortezomib, at a clinically relevant dose, did not have any effect on the apoptosis and proliferation of malignant gliomas in vivo. These results contrast with the promising preclinical data obtained in vitro with this drug and emphasize the importance of performing preclinical studies on animal models, in conditions close to clinical settings.
Introduction
Malignant gliomas are the most common primary central nervous system tumors in adults and are uniformly fatal despite aggressive therapy. Currently, standard-of-care for glioblastoma consists of surgical resection and ionizing irradiation concomitantly delivered with temozolomide, followed by adjuvant temozolomide (1) . Although many chemotherapeutic regimens have been proposed, the median survival for patients with newly diagnosed malignant glioma is 8-15 months and has not significantly increased in the last three decades. Only 3% of patients are still alive 5 years after diagnosis (2) . The failure of current therapies can be linked to multiple factors including inherent tumor resistance to standard chemo-and radiotherapy, early invasion of tumor cells into normal brain preventing complete surgical resection, and limitations of drug delivery due to the blood-brain barrier. Thus, new treatment concepts or cytotoxic drugs are urgently needed to improve patient outcome.
The ubiquitin-proteasome pathway plays an essential role in the degradation of most short-and long-lived intracellular proteins in eukaryotic cells. At the heart of this degradative pathway is the 26S proteasome, an adenosine triphosphatedependent multicatalytic protease (3) . Proteolytic degradation of damaged, oxidized, or misfolded proteins is part of the housekeeping role for the 26S proteasome. In addition, the 26S proteasome plays a vital role in degrading regulatory proteins that govern the cell cycle, transcriptional factor activation, apoptosis and cell trafficking (3, 4) . Proteasome inhibitors represent a relatively new class of antineoplastic agents that act by interfering with the catalytic 20S core of the proteasome, thereby preventing the elimination of diverse cellular proteins targeted for degradation (5, 6) . Bortezomib is the first-in-class proteasome inhibitor that had reached clinical trials and is currently indicated in the treatment of relapsed/ recurrent multiple myeloma patients (7) . Initial preclinical screening by the National Cancer Institute revealed that bortezomib potently inhibited cell proliferation in a broad range of tumor types, including glioblastoma cell lines (8) . ONCOLOGY REPORTS 20: 1283 -1287 , 2008 Proteasome inhibition by bortezomib does not translate into efficacy on two malignant glioma xenografts (9, 10) . Among these studies, Yin et al (10) have demonstrated that bortezomib induced a G2/M cell cycle arrest associated with an increase of apoptotic cells in the two glioma cell lines and primary glioblastoma explants. Thus, the present study aimed to evaluate the effect of bortezomib in vivo on two human malignant glioma xenografts using regimens close to clinical practice. Tumor xenografts were obtained as previously described (11) . Briefly, the first model (TCG3) was derived from an anaplastic oligodendroglioma (according to WHO grading, 2007) of a 58-year-old woman. Samples of the patient tumor were directly subcutaneously (s.c.) transplanted into the hind leg of mice, providing the first xenografts. The second model (U87) was originally obtained by subcutaneously injecting a suspension of U87 human malignant glioma cells (10 6 cells in 0.1 ml 0.9% NaCl), purchased from the American Type Culture Collection (HTB-14), into the hind legs of mice. TCG3 and U87 glioma models were then maintained in vivo by sequential passages of tumor fragments in nude mice. Tumor samples are regularly analyzed to ensure the genetic stability of the xenografts.
Materials and methods

Animals
Treatment procedures.
Treatments started when tumors reached a volume of 250±50 mm 3 (V0). Mice were randomly assigned into different groups. In the CTRL group, mice were not treated. Bortezomib (BTZ) was administered intravenously (i.v.) at different doses (0.25, 0.45 or 0.90 mg/kg). BTZ was provided by Janssen-Cilag (Issy les Moulineaux, France) and was prepared according to the manufacturer's instructions.
20S proteasome activity.
The effects of bortezomib on proteasome chymotrypsin-like activity were measured as previously described (8, 12) . Briefly, at a selected time point after i.v. bortezomib administration, tumor samples were collected and frozen at -80˚C. After thawing, tumor samples were weighed and homogenized in 2 ml/g lysis buffer (50 mM Tris HCl; 2 mM DTT; 5 mM MgCl 2 and 250 mM sucrose). After centrifugation (10,000 g for 10 min at 4˚C), supernatants were collected and the protein concentration was measured. Protein (100 μg) from each sample was diluted in lysis buffer to a final volume of 100 μl and the fluorogenic peptide substrate (succinyl-Leu-Leu-Val-Tyr-AMC, Sigma) was added at a final concentration of 100 μM. The reaction mixtures were incubated at 37˚C for 2 h. Free 7-amido-4-methylcoumarin (AMC) liberated by the substrate hydrolysis was quantified on a fluorescence plate reader (Safas, Monaco) with an excitation filter of 380 nm and an emission filter of 460 nm.
Cell cycle distribution. Cell cycle distribution was determined by DNA content analysis after propidium iodide staining. Briefly, tumor samples were incubated with trypsin (0.03 mg/ml) and were dissociated using a Potter pestle. Samples were then treated with RNase A (0.1 mg/ml) and incubated with propidium iodide (0.4 mg/ml) for 30 min in the dark. Before cytometry, samples were filtered on a nylon mesh. An analysis of cell cycle distribution was performed using a FACSCalibur flow cytometer equipped with CellQuest and ModFit LT software (Becton-Dickinson, Heidelberg, Germany).
Proliferation and apoptosis determination. Proliferation and apoptotic indices were determined by immunohistochemistry as previously described (13) . Briefly, 24 h after bortezomib treatment, tumors were excised and immediately fixed in 10% (v/v) buffered formalin, pH 7.4, for 72 h and paraffinembedded. Serial coronal 5 μm sections were cut through the center of the xenografts. Proliferation and apoptotic indices were measured on sections stained either with a speciesunspecific rabbit monoclonal antibody (clone SP6, Lab vision Corporation, Westinghouse, USA; diluted 1:100) to the cell cycle-associated antigen Ki-67, or with an anti-cleaved caspase-3 rabbit anti-serum (BD Biosciences, Franklin Lakes, USA; diluted 1:1000) and the percentage of positively- labeled tumor cells for at least 1000 counted tumor cells was recorded in independent areas of the main tumor masses which were free of necrosis. Antigen retrieval was carried out with a 2100 Proteogenix Retriever (Proteogenix, Fegersheim, France) following the manufacturer's instructions. Primary antibodies were applied for 16 h at 4˚C. Detection of the tissue-bound primary antibodies was performed using the biotinylated antibody/streptavidin-peroxidase detection system. Bound peroxidase was identified using the Novared™ detection system.
Antitumor effect of bortezomib. To follow tumor growth, tumor volume was determined three times per week. Two perpendicular diameters were measured with a caliper, and the tumor volume (V in mm 3 ) was calculated as V = (length x width 2 )/2. Tumor volumes were recorded until tumors reached 3 times their initial volume (3 x V0).
Statistical analysis. Statistical analysis was performed using GraphPad 5.0 software. For each parameter analyzed, treated and non-treated tumors were compared using the nonparametric Mann-Whitney U test. Differences were considered significant at p<0.05.
Results
Bortezomib effects on proteasome chymotrypsin-like activity.
To explore the impact of bortezomib on its target, the proteasome chymotrypsin-like activity was assessed 2 and 24 h after the i.v. administration of bortezomib in TCG3 and U87-bearing mice. The different doses tested were: 0.25, 0.45 and 0.90 mg/kg (Fig. 1) .
Our results showed that bortezomib induced a dosedependent inhibition of proteasome activity in the two glioma models. In TCG3 xenografts (Fig. 1A) , proteasome chymotrypsin-like activity was decreased to the same extent (20-30% of basal proteasome activity) 2 and 24 h after the treatment of mice receiving either 0.45 or 0.90 mg/kg. In U87 tumors (Fig. 1B) , bortezomib did not modify the proteasome chymotrypsin-like activity 2 h after the injection. In contrast, bortezomib led to a significant 20-30% inhibition of the proteasome activity 24 h after drug injection using 0.45 and 0.90 mg/kg doses (p=0.026 and 0.005, respectively). Thus, bortezomib reached its target and inhibited it on the two models used.
Bortezomib effects on cell cycle distribution and proliferation index.
To explore the impact of bortezomib in vivo, we evaluated the consequences of proteasome inhibition on cell cycle distribution assessed by flow cytometry after propidium iodide staining in our two glioma models. Our results showed that bortezomib did not modify distribution in the cell cycle in TCG3 and U87 xenografts ( Fig. 2A and B) . We examined the effect of bortezomib on the proliferative index, determined by immunohistochemical detection of the cell cycle-associated antigen Ki-67. Our results demonstrated that the two glioma models used presented a similar proliferative index (Fig. 2C) . In the TCG3 model, 64.8±4.1% cells were positively stained for Ki-67 and the proliferative index for U87 tumors was 68.6±2.0%. Bortezomib had no significant effect on cell proliferation within 24 h following a single i.v. injection at 0.45 or 0.90 mg/kg. For example, at the dose of 0.90 mg/kg, proliferative indices in bortezomib-receiving mice were 62.7±3.2% for the TCG3 model and 65.4±2.0% for U87 xenografts.
Bortezomib did not induce apoptosis on glioma models. The apoptotic index was determined 24 h after the bortezomib injection by immunohistochemical detection of the cleaved caspase-3.
TCG3-and U87-untreated xenografts showed a limited apoptotic index of 1.0±0.1 and 2.1±0.3%, respectively (Fig. 3) . Our results demonstrated that bortezomib did not induce any enhancement in the apoptotic index on either TCG3 nor U87 glioma models. For example, in tumors treated with a dose of 0.90 mg/kg, the apoptotic index was only 1.3±0.3 and 2.0±0.2% for TCG3 and U87 xenografts, respectively.
Bortezomib did not reduce tumor growth in vivo.
To explore the antitumor effect of bortezomib, it was administered at the highest tested dose of 0.90 mg/kg to tumor-bearing mice. Tumor growth was followed three times per week until the tumors reached 3 times their initial volume (Fig. 4) .
In the CTRL groups, the mean times to reach 3V0 were 7.0±0.9 and 11.9±1.5 days for TCG3 and U87 models, respectively. In the two models, BTZ did not present any antitumor effect and the mean times to reach 3V0 were 8.6±1.6 and 13.8±0.9 days for TCG3 and U87, respectively. The difference with CTRL groups did not reach the level of statistical significance.
Discussion
Proteasome inhibitors represent a new group of cytotoxic agents that target the 20S proteasome, a component of the ubiquitin-proteasome complex responsible for the degradation of unwanted cellular proteins (3, 5) . Although the mechanism by which proteasome inhibitors kill neoplastic cells is not well defined, these molecules are potent apoptotic inducers and their antitumor potential has been reported in a wide variety of tumors (8, 14, 15) . Moreover, the clinical results of bortezomib in multiple myeloma provided proof of concept for proteasome inhibition as an anticancer approach and have prompted the investigation of this drug in other malignancies. However, only a few studies are available concerning the effect of bortezomib on glioma cells, each of them being realized on established glioma cell lines and/or primary glioblastoma explants. These studies have demonstrated that as with other proteasome inhibitors, bortezomib is able to induce apoptosis in glioma cell lines in vitro (9, 10, (16) (17) (18) . To our knowledge, preclinical studies using bortezomib on in vivo brain tumor models have yet to be reported on.
In the present study, we investigated the effect of bortezomib in vivo on two human malignant glioma models. We selected 0.90 mg/kg as the highest dose tested, since it corresponds to the weekly clinical dose of bortezomib administered in the treatment of multiple myeloma patients, i.e. 2.6 mg/m 2 (14) . Our study demonstrates that bortezomib administered at this clinically relevant dose did not present any antitumor effect on glioma models.
Considering the effects of bortezomib on its target, our results showed that bortezomib was able to reduce the proteasome chymotrypsin-like activity of ~30% of basal activity in the 24 h following the injection of 0.90 mg/kg for the two models studied. Comparable levels of proteasome inhibition in vivo have already been reported for other tumors treated with similar doses of bortezomib. For example, using a multiple myeloma model xenografted into nude mice, LeBlanc et al have reported that bortezomib (1 mg/kg i.v.) was able to inhibit 35% of the proteasome chymotrypsin-like activity in tumors and induced an apoptotic response and a tumor growth delay, as compared to untreated tumors (19) . Thus, the cellular consequences of partial proteasome inhibition appear to be cell-type dependent, although a similar proteasome inhibition did not affect myeloma and glioma cells to the same extent, since bortezomib was clearly unable to induce apoptosis in our glioma models. Moreover, we showed that bortezomib had no effect on the proliferative index and cell cycle distribution.
Our results are in contrast with those from Yin et al (10) , who have demonstrated that ~15% of U87 cells became apoptotic when cultured for 48 h with bortezomib. These authors have demonstrated that bortezomib induced a G2/M cell cycle arrest and the percentage of cells in the G2/M phase increased ~2-fold after their exposure to bortezomib for 24 h. Moreover, Styczynski et al (9) demonstrated that the two glioblastoma cell lines showed good sensitivity to bortezomib, as compared to an acute lymphoblastic leukemia cell line.
The discrepancy between our in vivo results and the relatively promising in vitro data obtained by others can be explained by several methodological findings. In the study of Styczynski et al (9) , the efficacy of BTZ is compared to that obtained for leukemia culture cells using drugs essentially active against leukemia rather than glioma. The choice of the tumor model used may explain the discrepancies observed between our study and other published data. Studies have undertaken to report on established glioma cell lines in cell culture assays. In spite of the great insights offered by these types of models, established tumor cell lines poorly represent the cellular heterogeneity observed in tumors. In contrast, xenograft models, constituted by tumoral and stromal cells, are closer to the original tumor from which they are derived (20, 21) . Tumor cells from our xenografts are poorly exposed to bortezomib to the same extent as cells grown in monolayer cultures and to our knowledge, the effects of bortezomib on proteasome chymotrypsin-like activity in glioma cell cultures have yet to be reported on. It is thus possible that our xenografts did not receive a sufficient dose of bortezomib to present similar patterns of cell cycle distribution and apoptosis to those obtained in vitro.
Finally, the results presented in this study do not support the use of bortezomib in the treatment of high-grade gliomas. Our results, contrary to data obtained from in vitro studies, emphasize the importance of performing preclinical studies using in vivo tumor models, before initiating clinical studies.
